INTRODUCTION
It suggests that the hydroxyl radical photochemically produced from hydro gen peroxide reacts with ferricytochrome c to give ferrocytochrome c. An mechanism of the direct photoreduction will be discussed in terms of the three-dimentional structure of horse heart ferricytochrome c and photoionization of aromatic amino acid residues.
MATERIALS AND METHOD
Cytochrome c was prepared from horse heart muscle according to a method of Hagihara et al.". Indole, o-dimethoxybenzene and other reagents were commercially obtained as preparations of the highest purity available.. Lyophilized preparation of cytochrome c was dissolved in a small amount of triply distilled water and desalted by filtration through a column of Sephadex G-25. Solu tions for illumination were adjusted to the desired pH by adding 0.1 N NaOH or 0.1 N HZSO4. The solutions were equilibrated with the commercially available nitrogen, oxygen or nitrous oxide by bubbling for about ten minutes.
A conventional flash apparatus was used in the present experiments. Main xenon flash lamps (USHIO FS-225 HMA) were fired with an input energy of 200 J (12 micro seconds of 1/e duration).
The monitoring system was composed of a xenon arc lamp (USHIO UXL-150 D), a monochrometer (NARUMI RM-23-I) and a synchroscope (IWA TSU SS-112) ; a photomultiplier was HAMAMATSU R 136. The absorption cell was 10 cm long and 1 cm in diameter.
RESULTS AND DISCUSSION
Increase in absorption at 550 nm was observed in nitrogen saturated solutions of cytochrome c containing indole or o-dimethoxybenzene after flash illumination as shown in Fig. 1 . The increase in absorption at 550 nm suggests the reduction of ferricyto chrome c to ferrocytochrome c by photoproduced hydrated electrons. The reduction process will be represented by the following reactions.
where RH2-Fe" and RH2-Fe" represent ferri and ferrocytochrome c, respectively. In the solution containing indole, slow decay of the absorption was noticed during initial several hundreds microseconds.
It was attributed to a neutral radical of indole, because an absorption near 510 nm observed in photolyzed indole at neutral pH has been assigned to the neutral radical," which is given by the reaction (4). Similar decay of the absorption at 550 nm was observed in nitrogen saturated solutions of indole (Fig. 1b) . Since o-dimethoxybenzene gives no transient absorption in visible region," optical absorption observed after flash illumination is due to ferrocytochrome c ( Fig. lc) . In order to confirm the formation of ferrocytochrome c, an absorption spectrum of the solution was measured after several flashes. As shown in Fig. 2 , the spectrum is characteristic of a mixture of ferro and ferricytochrome c. Figure 3 shows the increase in absorbance at 550 nm plotted against the concentration of cytochrome c. The increase was measured at 0.5 milliseconds after flash, because the absorption due to the neutral radical of indole mostly diminished after that time. From the concentration of ferrocytochrome c obtained from the plateau value of the curve in Fig. 3 , the concentrations of hydrated electrons produced in flash photolysis of indole and o-dimethoxybenzene were estimated to be 3.2x10-'M and J.9 X 10-6 M, respectively, by taking 18.5 mM-1 cm-1 as a difference in millimolar extinction coeffi cient at 550 nm between ferro and ferricytochrome c. The present estimation was, of course, based on the assumption that all the hydrated electrons are consumed by the reaction with ferricytochrome c under the present condition. The concentration of neutral radicals of indole estimated by taking 1800M-'cm-1 as molar extinction coefficient at 510 nm5' from the optical absorbance of the neutral radical at the initial stage was found to be 3.3x10-'M.
Although the yield for formation of ferrocyto chrome c includes that due to direct reduction, as will be discussed later, the con centration of hydrated electrons produced by photoionization of indole is approximately equal to that of neutral radicals of indole. Broken line: cytochrome c was reduced by adding of a small amount of Na,S,O4. Since rate constants for the reaction (5), (3) and (6) were reported to be 8.7x109,11, 5.Ox 101°''', and 1.9X 108 M-1 sec-1,"' respectively, the concentration of nitrous oxide (24 mM) was sufficient to scavenge all the hydrated electrons (99.8%) under the present condition, where the concentrations of ferricytochrome c and indole were 8.6x 10-'M and 10-4 M, respectively. Incident flash light is absorbed by certain chromophore of ferricytochrome c and reduces ferric ion of the heme via energy transfer process or with the electron produced photochemically from the chromophore.
To confirm the direct reduction, flash photolysis experiments were carried out in nitrogen saturated solutions of ferricytochrome c in the absence of electron-donor.
Increase in the absorbance was observed at 550 nm (Fig. 4 ) and the absorption spectrum measured for the solution after several flashes showed a feature of a mixture of ferri and ferrocytochrome c. The direct reduction was lowered by nitrous oxide to about 60 per cent and completely inhibited by oxygen ( Table 1) . The photoreduction was found to be completely suppressed by setting filters of 10-'M indole solution between the absorption cell and two main flash lamps. Since the effect of nitrous oxide upon the direct reduction was not so significant, the reduction appears to occur via an intramolecular process instead of an intermolecular one. The complete inhibition by the indole solution as an optical filter indicates that the direct reduction does not occur through heme excitation induced by visible light as presented in the paper of Vorkink and Cusanovich9' but occurs through excitation or ionization of certain amino acid residues in protein moiety.
Horse heart cytochrome c contains a tryptophyl, four tyrosyl and four phenylalanyl residues.
Bent and Hayon reported that the quantum yields of photoionization by 265 nm light were 0.04, 0.035 and 0.038 for glycyltryptophylglycine, glycyltyrosylglycine and glycylphenylalanyl glycine, respectively."""" Trp-59 residue is located in the vicinity of heme and bound to propionic acid group of the heme with hydrogen bonds."' Fluorescence due to Trp-59 is almost quenched by the heme group."' Excitation or ionization of the residue, therefore, will probably play an important role in reduction of ferric ion of the heme. Tyr-48 residue is also bound to the heme with the hydrogen bond."' Try-67, Phe-10 and Phe-82 are found within about ten angstrom from the heme. The other aromatic amino acid residues are also found within fifteen angstrom or so from the heme.
In the presence of 10-'M hydrogen peroxide, ferricytochrome c was reduced by flash light and an increase in absorbance at 550 nm was observed to be 0.075 (Table 1 ). The increase due to the direct photoreduction was 0.051 and hence about 50 per cent of increase in reduction was detected.
Thus it can be attributed to hydroxyl radicals produced from hydrogen peroxide photochemically. The reduction observed in nitrous oxide saturated solutions of ferricytochrome c containing indole or o-dimethoxybenzene may, therefore, include the reduction caused by hydroxyl radicals.
In oxygen satu rated solutions, reduction of ferricytochrome c was observed when hydrogen peroxide was added. Therefore, hydroxyl radicals produced in the photolysis of hydrogen peroxide react with ferricytochrome c to reduce it via intra or intermolecular process, as represented by the reaction (8a) or (8b). Since oxygen quenches triplet state of tryptophan, tyrosine or phenylalanine effectively, complete inhibition of the direct reduction in the presence of oxygen (1 atm.) can be well understood in terms of quenching of triplet state. Lifetimes of triplet states of aromatic amino acid residues were well investigated by Bent and Hayon,4>10 11, and rate constants for the decay processes were presented to be 2.7x 105 sec-1, 5.7 X 105 sec-1 and 8.5 X 104 sec_' for glycyltyrosylglycine, glycylphenylalanyl glycine and glycyltryptophylglycine, respectively. Rate constants for quenching of triplet states of three tripeptides by oxygen were also determined by them to be 3.9x 109 M-1 sec-1, 3.8x 109 M_1 sec-1 and 4.5x 109 M-1 sec-1, respectively.
Process from excited cytochrome c to ferrocytochrome c competes with quenching by oxygen.
where RH2*-Fe" represents ferricytochrome c melecule having a certain aromatic amino acid residue in triplet state. RH2+-Fe" is ferrocytochrome c molecule, which possesses a positive charge resulted from photoionization of aromatic amino acid residue.
• RH-Fe2+ represents ferrocytochrome c molecule including a neutral radical of aromatic amino acid residue. Smoluchowski's equation"' gives 5.9X 1010 M-1 sec_1 as an estimated encounter between cytochrome c and oxygen, when 2.6X 10-4 cm2 sec_' is taken as the relative diffusion constant and 30A as the reaction radius. Since 57.1 per cent of reduction was observed in air saturated solution, competition kinetics between the reaction (10) and (11) gives 2.0X 10' sec-1 as a rate constant for the reaction (10), the intramolecular reduction process.
Where (RH2+-Fe2})N, and (RH2+-Fe2+)air represent the yields of ferrocytochrome c obtained in the nitrogen saturated and the air saturated solutions, respectively. If we take 2.5X10-'M as the concentration of oxygen and 5.9 X 1010 M-1 sec-1, which is estimated by Smoluchowski's equation, as a rate constant for the reaction (11), the above-mentioned value is obtained as a rate constant for the reaction (10). However, if a rate constant for quenching by oxygen is assumed to be 4.5X 10'M-' sec-1, which was reported for triplet state of glycyltryptophylglycine,4'
1.5X 106 sec-1 is obtained as a rate constant for the reaction (10). Both the values of rate constant for the reaction (10) indicate that the intramolecular reaction process is sufficiently fast as compared with decay of triplet states of aromatic tripeptides.
Although the experi ments of laser pulse photolysis4' revealed a monophotonic photoionization of indoles via singlet excited state, complete quenching by oxygen suggests that the direct photoreduction of ferricytochrome c occurs via biphotonic process including triplet states of aromatic amino acid residues.
